Vitellogenin is the major yolk protein precursor in fish, but little is known about its processing pathway in the oocyte, nor about mobilization of yolk proteins during embryogenesis. In this study we cloned three putative yolk processing enzymes; specifically, cathepsin B and L, and lipoprotein lipase (LPL), from the rainbow trout ovary and determined their patterns of gene expression, together with cathepsin D, during oogenesis and embryogenesis using reverse transcription-polymerase chain reaction. The approximate sizes of both cathepsin B and cathepsin L transcripts were estimated as 1.7-1.8 kilobases by Northern blot analysis. Cathepsin D mRNA and cathepsin L mRNA were expressed constitutively throughout vitellogenesis and embryogenesis, showing the highest levels of expression at around fertilization. Cathepsin B and LPL were expressed exclusively during oogenesis. Quantitatively, expression of cathepsin D mRNA was higher than cathepsin B, cathepsin L, and LPL mRNA throughout the period studied. The different patterns of expression for these genes during oogenesis and embryogenesis signify specific temporal roles in yolk protein processing.
INTRODUCTION
In oviparous animals, which include the majority of invertebrates, fish, amphibians, reptiles, birds, and even a few species of mammals, accumulation of yolk materials into oocytes during oogenesis and their mobilization during embryogenesis are key processes for successful reproduction. Most oocyte yolk proteins and lipids are derived from the enzymatic cleavage of complex precursors, predominantly vitellogenin and very low density lipoprotein [1, 2] . Yolk is then stored until the late stages of oogenesis and in the embryo, when it is mobilized to facilitate the hydration process in buoyant eggs and provide the nutrients for embryogenesis [3] [4] [5] . Despite the importance of yolk sequestration and mobilization in oviparous animals, however, information on these processes is still very limited.
Cathepsins are lysosomal endoproteases that have been implicated in the processes of yolk accumulation during oogenesis and its subsequent mobilization in fertilized eggs.
Cathepsin D has already been shown to be associated with the proteolytic processing of vitellogenin into yolk proteins in birds, amphibians, and fish [3] [4] [5] [6] [7] . Cathepsin D is also believed to be involved with the proteolysis of these stored yolk proteins at the beginning of embryonic development in fish [4] . Recently, in fish, the cysteine proteases cathepsin B and cathepsin L [4, 6, 8] have also been related to yolk processing. In mammals, cathepsin B and cathepsin L have been studied extensively in somatic tissues as they are known to be involved in many proteolytic processes, including antigen processing [9] , hormone maturation [10] , as well as in general protein degradation. However, in fish, the physiological and pathological significance of these enzymes has not been established.
Other enzymatic processes in addition to those that mediate protein degradation will occur in fish oocytes to bring about storage and mobilization of other yolk constituents. Given the very large content of lipid in oviparous animals [11] , one of the most likely enzymes to play a functional role is lipoprotein lipase (LPL). In support of this hypothesis, a high level of LPL activity has been shown in the ovaries of rainbow trout during vitellogenesis [12] .
The yolk processing system in fish is vital for the synthesis of a viable embryo and for normal development. Furthermore, in some fish species, cathepsin activities have been associated with egg quality and embryo viability; this has been found in sea bream (Sparus aurata) [6, 7] and perch (Perca fluviatilis) [8] . Although previous studies have provided evidence for the involvement of cathepsin D [4, 6, 7, 13] and cathepsin L [6] [7] [8] in yolk processing in fish, there are discrepancies between these studies. For example, in the rainbow trout, the enzyme activity of cathepsin D has been shown to be high during mid-vitellogenesis and early embryo development [4] , but the highest expression of cathepsin D mRNA did not appear to coincide with these periods [13] . Furthermore, enzyme activities of cathepsins B and L have been reported to be virtually undetectable during oogenesis in the rainbow trout [4] , but have been shown to play roles in the processing of yolk materials in other oviparous animals, including other fish species [6, 9, 10, 14] . These discrepancies may in part be due to species differences, to differences in the sensitivities of the techniques used in the different studies, or both, but they warrant further investigation.
In rainbow trout (Onchorhynchus mykiss), yolk material accounts for about 80% of the final egg size [15] , and the subsequent embryos are entirely dependent on the yolk material for their growth and nutrition for 60 days after fertilization, up to the time of first feeding. Rainbow trout, therefore, is an ideal species for studying yolk sequestration and mobilization. To improve our understanding of enzymes involved with yolk processing, we cloned genes coding ca- thepsin B, cathepsin L, and LPL, and investigated their expression together with cathepsin D during oogenesis and embryogenesis. These enzymes were chosen for study based on their reported roles in oogenesis and embryogenesis in a range of oviparous animals.
MATERIALS AND METHODS

RNA and cDNA Preparation
For the polymerase chain reaction (PCR) cloning of cathepsin B and cathepsin L, and LPL cDNAs from rainbow trout, total RNA was extracted from vitellogenic ovaries (oocyte diameter around 1 mm) using the guanidinium thiocyanate-phenol-chloroform extraction method [16] . Singlestranded cDNA was synthesized from 5 g of the total RNA using 200 units of SuperScript II reverse transcriptase (RT; Gibco BRL, Paisley, U.K.), 1 l of oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer (0.5 mg/ml; Gibco BRL), 10 M dithiothreitol, 0.5 mM of each deoxynucleoside 5Ј triphosphate (dNTP), and the buffer supplied with the enzyme (final concentration, 50 mM TrisHCl pH 8.3; 75 mM KCl; 3 mM MgCl 2 ). Reverse transcription was carried out at 42ЊC for 30 min, then at 65ЊC for 15 min. The resultant cDNA (1 l) was used as template for subsequent PCR cloning procedures.
To study the patterns of expression of the yolk processing enzyme genes during oogenesis, ovaries at different stages of vitellogenic development (previtellogenic, early vitellogenic, mid-vitellogenic, late vitellogenic, and during final maturation) were collected from a local trout farm over a reproductive season. On collection, the ovarian material was immediately frozen in liquid nitrogen. For studies on the expression of yolk processing enzymes during embryogenesis, eggs and developing embryos were collected before and after fertilization. Embryos were collected from 2 days postfertilization (dpf) every 7 days up to 44 dpf (just prior to hatching). All tissues were kept at Ϫ80ЊC until use. To get embryos at the required stages of development, fertilized eggs/embryos were held in the laboratory at 6.7 Ϯ 0.9ЊC until they were required for sampling. Total RNA was extracted from oocytes, fertilized eggs, and developing embryos (Table 1) using the same extraction method described above. The RNA content in fertilized eggs and very early stages of embryogenesis is extremely low. To extract sufficient amounts of RNA from these samples, therefore, a large number of eggs and embryos (60-70) had to be processed. The resulting material from these extractions had a very high glycoprotein content. To recover the RNA from the glycoprotein pellet, RNA from fertilized eggs and early stages of embryos was further treated with lithium chloride solution [17] . The extracted RNA was kept at Ϫ80ЊC until use for Northern blotting and RT-PCR.
Cloning of Cathepsin B
Degenerate primers (two sets) were designed based on highly conserved regions in cathepsin B cDNA sequences of human, mouse, bovine, and chicken. PCR was performed using these two sets of primers (forward primer 1, 5Ј-AGGC(C/T)GG(A/G)C(A/G)CAACTTCTAC-3Ј; forward primer 2, 5Ј-AGAGACCAGGG(C/A/G)TCCTG(C/T)GGCTC-3Ј; reverse primer 1, 5Ј-AGTGCTT(A/G)TC(C/T)TC(C/T)TTGTAGG-3'; reverse primer 2, 5Ј-AGTGCGTGG(A/C/G)ATTCCAGCCAC-3Ј) and cDNA from rainbow trout vitellogenic ovary as a template. Pfu DNA polymerase (Stratagene, La Jolla, CA) was used instead of Taq DNA polymerase in all PCR cloning steps for this gene, and also for cathepsin L and LPL. The PCR products were run on an agarose gel and the fragments of the expected size for the target sequence for each primer combination were purified (QIAquick; Qiagen, Valencia, CA) and subcloned into a pGEM T-easy vector (Promega, Madison, WI). After sequencing, two colonies were selected as candidates for the cathepsin B gene based on their high homologies to mammalian cathepsin B cDNA sequences. A series of genespecific primers for rainbow trout cathepsin B were designed from the cDNA sequences obtained. Using these gene-specific primers, both 5Ј end and 3Ј end cDNA sequences for rainbow trout cathepsin B were obtained by rapid amplification of cDNA ends (RACE) PCR (RACE PCR kit; Gibco BRL), following the manufacturer's protocol.
Cloning of Cathepsin L
A set of gene-specific primers was designed based on a previously reported partial cDNA sequence (896 base pair [bp]) for rainbow trout cathepsin L (GenBank accession number U61296). PCR was performed using the gene-specific primers (forward primer, 5Ј-AGGAAGA-CTGGCAAGCTGGTGTCT-3Ј; reverse primer, 5Ј-GAATGTACACA-GAGGTCACACACCTG-3Ј) and cDNA from rainbow trout vitellogenic ovary as a template. The PCR products were run on an agarose gel and the fragment of the expected size were purified (QIAquick; Qiagen) and subcloned into a pGEM T-easy vector (Promega). The sequence obtained matched the partial sequence of cathepsin L cDNA for rainbow trout. Further gene-specific primers were designed to this sequence and used for RACE-PCR to obtain the complete cDNA sequence coding for rainbow trout cathepsin L.
Cloning of Lipoprotein Lipase
Degenerate primers (two sets) were designed based on highly conserved regions in LPL cDNA sequences of human, cat, sheep, pig, mouse, rat, chicken, and zebrafish. PCR was performed using these two sets of primers (forward primer 1, 5Ј-TGGTGATCCATGG(C/A/G)TGGACCC-3Ј; forward primer 2, 5Ј-CTGG(C/A/G)CC(T/C/G)A(C/A)CTTTGAGTATGC-3Ј; reverse primer 1, 5Ј-GAGCGCTC(A/G)TG(C/A/G)GA(A/G)CACTTCAC-3Ј; reverse primer 2, 5Ј-TAATGGAA(A/G/C/T)ACTTTGTA(G/A/T)GGCATC-3Ј) and cDNA from rainbow trout vitellogenic ovary as a template. The PCR products were run on an agarose gel and the fragments of the expected size for each primer combination were purified (QIAquick; Qiagen) and subcloned into a pGEM T-easy vector (Promega). After sequencing, two colonies were selected as candidates for the LPL gene based on their high homologies to the LPL cDNA sequences in other animals. A series of gene specific primers for rainbow trout LPL were then designed from the LPL cDNA fragments obtained. The full-length coding sequence for LPL was obtained using these gene-specific primers and RACE PCR.
Northern Blotting
Ovarian total RNAs (20 g) were suspended in glyoxal/DMSO solution that also contained 10 mM sodium acetate and 1 mM EDTA, and incubated at 55ЊC for 1 h. After mixing with loading buffer, the RNA samples were loaded in duplicate and run on a 1% agarose gel containing N-morpholino propanesulfonic acid (MOPS)/NaOH and ethidium bromide (EtBr) in an RNA gel running buffer (1/25 M MOPS/NaOH, 10 mM sodium acetate, 1 mM EDTA pH 7.0). RNA marker (Gibco BRL) was run in lanes adjacent to the samples. The RNA was then transferred from the gel onto a nylon membrane (Amersham Pharmacia, Piscataway, NJ) for 16 h using a capillary transfer method in 10ϫ SSC. After transfer, the RNA was immobilized on the membrane by UV cross-linking (Stratagene), and the membrane was divided into two halves (each half contained a parallel set of RNA samples) to be hybridized with either the cathepsin B probe or the cathepsin L probe.
Each half of the membrane was hybridized overnight at 68ЊC in 15 ml of Church-Gilbert solution [18] containing either the cathepsin B cDNA probe or the cathepsin L cDNA probe. The cathepsin probes were generated by PCR and labeled with ␣-32 P-dCTP by random priming (redi prime II; Amersham Pharmacia). The membranes were washed three times over 2 h at 68ЊC in 2ϫ SSC/0.1% SDS and subjected to autoradiography to visualize hybridization signals.
FIG. 1.
Multiple alignment of the deduced amino acid sequence of rainbow trout ovarian procathepsin B with the corresponding sequences from chicken [19] , mouse [20] , bovine [21] , and human [20] . The signal peptide region is italicized and the propeptide region is in bold on the trout sequence. The mature peptide region of trout procathepsin B is underlined. Arrowheads indicate the active sites. A potential N-glycosylation signal is marked by *. The highly conserved region between cathepsin B and cathepsin L is boxed.
The sizes of the cathepsin B and L transcripts were estimated by comparison of their migrations in the gel (hybridization signal on the autoradiography film) with the RNA markers on the original gel (Gibco-BRL; 0.24-9.5 kb).
Expression of Cathepsins B, D, and L, and LPL During Oogenesis and Embryogenesis
To examine the patterns of expression of each putative yolk processing gene throughout oogenesis and embryogenesis, semiquantitative RT-PCR was performed. Total RNA isolated from the ovaries and embryos at different stages of development (Table 1) was treated with RNase-free DNase I (Promega). Each RNA (2 g) was reverse transcribed using SuperScript II RT (Gibco BRL) following the procedure described above. The resultant cDNA (20 l) was purified using a DNA purification kit (Roche Molecular Biochemicals, Indianapolis, IN) to remove enzymes, unincorporated dNTP, and oligo(dT) primer, and eluted into 50 l of nuclease-free water. The purified cDNA (50 l) was then used as the template (1 l of the purified cDNA for 25 l PCR reaction) for PCR. Gene-specific primers for cathepsin B (forward primer, 5Ј-CTCTAGTGGTCTACTGGGAGGA-3Ј; reverse primer, 5Ј-GCCCAGTAGTCCCAGGCAGCT-3Ј), cathepsin D (forward primer, 5Ј-CTGTGGATCCTGGGAGATGT-3Ј; reverse primer, 5Ј-CCACC-TCCACGTTTTCTGTT-3Ј), and cathepsin L (forward primer, 5Ј-CTTCTA-CTGCAAATTGACAATAC-3Ј; reverse primer, 5Ј-GTCCATGAGCCCAC-CGTTACAG-3Ј), and LPL (forward primer, 5Ј-ATTCGGGACTTGACGG-AGAAAC-3Ј; reverse primer, 5Ј-TCTATGTAGACGACCCGATGTCA-3Ј) were designed based on the newly obtained sequences (cathepsins B and L, and LPL) and the cathepsin D sequence from our previous study [13] . In parallel, expression of ␤-actin was measured as a control. Actin primers (forward primer, 5Ј-AAGGACCTGTACGCCAACAC-3Ј; reverse primer, 5Ј-GAGCTGAAGTGGTAGTCGGG-3Ј) were synthesized based on the available ␤-actin cDNA sequence in the rainbow trout (GenBank accession number AF157514). RT-PCR carried out here was optimized to achieve a semiquantitative response for each gene, including the actin gene. The optimal numbers of PCR cycles for the genes were determined as follows: 25 cycles for the ␤-actin gene, and 30 cycles for cathepsins B, D, and L, and LPL genes. The optimal annealing temperature was determined at 60ЊC for all five genes.
PCR was carried out on all samples collected (eight stages covering oogenesis and nine stages during embryogenesis; see Table 1 ) with the different gene-specific primers (in triplicate). PCR products were run on 1% agarose gels in 1ϫ Tris-borate-EDTA buffer with EtBr. The gel was then subjected to Southern hybridization. The DNA on the gel was first denatured by soaking the gel for 45 min in 1.5 M NaCl/0.5 N NaOH with gentle agitation, and this was then neutralized by soaking it for 45 min in 1 M Tris (pH 7.4)/1.5 M NaCl at room temperature. The DNA was transferred onto a nylon membrane in 10ϫ SSC for 16 h using the capillary transfer method. The membrane was dried and immobilized using a UV cross-linker (Stratagene).
The membranes were hybridized at 68ЊC in 20 ml of Church-Gilbert solution with the probes for cathepsin B, D, and L, and LPL. Each probe was generated by PCR and labeled with ␣-32 P-dCTP by random priming (redi prime II, Amersham Pharmacia). The membrane was washed three times over a period of 2 h at 68ЊC in 0.1ϫ SSC/0.1% SDS and subjected to autoradiography to visualize hybridization signals.
Hybridization signals were digitized by estimating the optical densities using an image analysis system (ChemiImager 4000; Alpha Innotech Corporation, San Leandro, CA). The relative expression level of each gene at the different stages of development was determined by comparison with ␤-actin expression. The data were expressed as means Ϯ SEM. We analyzed samples of pooled material collected from a number of fish for each stage of oocyte/embryo development, and the samples were analyzed three times in separate RT-PCRs. Thus, the standard error indicates the variability not between different samples, but between repeated assays from the same pooled sample.
Comparison of expression levels between two different genes are not easily achieved because the membranes are hybridized with different probes for the different genes, and then subjected to autoradiography films and developed at different times. Thus, direct comparison of the hybridized signals for different genes is not standardized. To estimate the relative expression levels of the different yolk processing enzyme genes, an additional RT-PCR experiment was performed using one ovarian cDNA (OR4) and one embryonic cDNA (ER3) as templates. Each cDNA sample was amplified in four different reaction tubes with a primer set for either cathepsin B, D, L, or LPL under identical conditions. The products were run on a 1% agarose gel with EtBr and visualized on a UV transilluminator. The intensities of PCR products were measured using the image analysis system described above.
RESULTS
Cloning of Rainbow Trout Cathepsins B and L, and LPL
RACE-PCR with degenerate primers, gene-specific primers, or both produced the full-length coding sequences for rainbow trout ovarian cathepsins B and L, and LPL.
The cathepsin B cDNA sequence obtained was 1442 bp long, which is shorter than expected when compared with the cathepsin B gene from other animals. The rainbow trout cathepsin B sequence also had a longer alternative 5Ј untranslated region that extended the sequence to 1488 bp. The sequence had a polyadenylation signal-like sequence (ATAAA) in place of the more common signal sequence (AATAAA or ATTAAA). The sequence contained 990 bp of an open reading frame (ORF; the nucleotide sequence can be found in GenBank, accession number AF358667) that is translated into a 330 amino acid-long procathepsin B (molecular weight 36203.2 daltons; Fig. 1 ). This procathepsin B sequence consisted of a signal peptide region (1-16), a propeptide region , and a mature protein region (79-330). The signal peptide contained many hydrophobic residues, such as Val, Leu, and Cys. The mature protein region contained three active sites (Cys 107, His 276, and Asn 296) that are highly conserved regions. A potential N-glycosylation site and six possible disulfide bonds between Cys residues were also found in the mature protein. The full-length amino acid sequence showed high similarities with other procathepsin B sequences from chicken (73.9% [19] ), mouse (71.2% [20] ), bovine (75. 1% FIG. 2 . Multiple alignment of the deduced amino acid sequence of rainbow trout ovarian procathepsin L with the corresponding sequences from zebrafish [22] , mouse [23] , porcine [24] , bovine (GenBank accession number X91755), and human [25] . The signal peptide region is italicized and the propeptide region is in bold on the trout sequence. The mature peptide region of trout procathepsin L is underlined. Arrowheads indicate the active sites. A potential N-glycosylation signal is marked by *. The highly conserved region between cathepsin B and cathepsin L is boxed. The consensus motif in the propeptide region of cysteine protease (except cathepsin B group) is marked by ϩ.
[21]), and human (74.5% [20] ). The mature protein region had even higher homologies with procathepsin B mature protein region in other animals; for example, 80.1% with human ( Fig. 1) .
Rainbow trout cathepsin L cDNA was 1420 bp long, similar to the length of other cathepsin Ls. The sequence contained an ORF of 1014 bp (nucleotide sequence is in GenBank, accession number AF358668) that is translated into a 338 amino acid long procathepsin L (molecular weight 38368.4 daltons; Fig. 2 ). This procathepsin L sequence consisted of a signal peptide region (1-18), a propeptide region , and a mature protein region (117-338). The signal peptide region of procathepsin L contained many hydrophobic residues. The mature protein region contained three active sites (Cys 141, His 281, and Asn 305) that are highly conserved. A potential N-glycosylation site and three possible disulfide bonds between Cys residues were also found in the mature protein. The full-length rainbow trout ovarian procathepsin L amino acid sequence showed high similarities with other procathepsin L sequences from zebrafish (76.2% [22] ), mouse (69.7% [23] ), porcine (75.0% [24] ), bovine (73.9%; GenBank accession number X91755), and human (74.2% [25] ; see Fig. 2 ). The mature protein region of rainbow trout procathepsin L had even higher homologies with that in other animals; 83.3% and 83.2% for zebrafish and human cathepsin Ls, respectively.
The rainbow trout ovarian LPL cDNA (1982 bp) sequence obtained in this study (GenBank accession number AF358669) was identical to the LPL sequence that was very recently isolated from rainbow trout adipose tissue (GenBank accession number AJ224693). The ovarian derived rainbow trout LPL contained 1509 bp of ORF that is translated into 503 amino acids (molecular weight 57259.3 daltons). The derived amino acid sequence showed high similarities with human LPL (68.8% [26] ) and to the partial sequence of zebrafish LPL (81.5%; GenBank accession number U57656).
A potential thiol protease-specific conserved region was identified on the mature protein region of cathepsin B and cathepsin L, similar to that for other thiol proteases such as cathepsins F, K, W, and papain in other species (alignment not shown). The Cys residue active site of rainbow trout cathepsins B and L centered a highly conserved region (QGSCGSCWAF; Figs. 1 and 2 ) that is found in all known thiol proteases. This consensus sequence was not found in cathepsin D, which belongs to the aspartyl protease family. The Asn residue active site and its neighboring region in both cathepsins B and L, also appeared to be conserved across many of the thiol protease families.
Northern Blotting
Two ovarian RNAs (O3 and O7) were subjected to Northern blot analysis to estimate the size of rainbow trout ovarian procathepsin B and procathepsin L transcripts, and to detect any alternative transcripts for both genes. A single prominent signal was obtained for both cathepsin B and cathepsin L ( Fig. 3 ; the signal for cathepsin L was much stronger than that for cathepsin B). The approximate sizes (1.7-1.8 kb) of both procathepsin B and procathepsin L transcripts were greater than for the cDNA sequences obtained.
Expression Patterns of the Putative Yolk Processing Enzyme Genes
Cathepsin B mRNA was detected throughout oogenesis and at very low levels in early embryogenesis (Fig. 4, A  and B) . When the expression level of cathepsin B mRNA was normalized against ␤-actin expression, it was closely associated with the vitellogenic period of oogenesis (O3, O4, O5, and O6), with little expression during embryogenesis (Fig. 5) .
Contrary to the pattern of expression of cathepsin B mRNA, mRNAs for cathepsins D and L were expressed constitutively throughout all of the stages of oogenesis and embryogenesis studied (Fig. 4, A and B) . When normalized, expression of both cathepsin D and L mRNAs were highest around fertilization (E1 and E2), when they were expressed at least 3-to 4-fold higher levels than during both oogenesis and embryogenesis (Fig. 5) .
LPL mRNA was expressed almost exclusively during oogenesis, and especially during the period of late vitellogenesis (O7; Fig. 4, A and B, and Fig. 5 ). Little if any LPL mRNA was detected in any of the RT-PCR reactions during embryogenesis.
Relative Levels of mRNA Expression of the Putative Yolk Processing Enzyme Genes
To compare the relative level of expression of the different target genes, an RT-PCR was performed in which the same cDNA template was simultaneously amplified with FIG. 3 . Northern blot analysis. Total RNA samples from rainbow trout oocytes (O3 and O7) were run in duplicates on a 1% agarose gel containing MOPS/NaOH following denaturation with glyoxal/DMSO (A). The RNA was transferred onto a nylon membrane and immobilized by UV cross-linking. The membrane was divided into two; each half contained one of the duplicate RNA samples. Each piece of the membrane was then hybridized in Church-Gilbert solution either with the cathepsin B (B) or the cathepsin L (C) probe that was labeled with 32 P-dCTP. The membranes were exposed to autoradiography film for 72 h (cathepsin B) and for 24 h (cathepsin L). M, RNA marker (0.24-9.49 kb; Gibco BRL).
FIG. 4. RT-PCR analysis of rainbow trout cathepsin B (CB), cathepsin D (CD), cathepsin L (CL), and lipoprotein lipase (LPL) mRNA expression throughout oogenesis (A) and embryogenesis (B)
. Reverse transcription of a series of total RNA samples (2 g) from oogenesis and embryogenesis was carried out using Superscript II and oligo(dT) [12] [13] [14] [15] [16] [17] [18] primers. The resultant cDNAs were purified and used as templates in the subsequent PCRs. The PCR products were run on 1% agarose gels, transferred to nylon membranes, and subjected to Southern hybridization with 32 P-dCTP-labeled gene-specific probes. The result represents three repeated PCRs and their subsequent hybridizations.
the different gene-specific primers. The RT-PCR result with O4 and E3 cDNA for these reactions are shown in Figure  6 . In O4, the expression of cathepsin D mRNA was about 4-fold higher than that of cathepsin L mRNA and cathepsin B mRNA, and 300-fold higher than that of LPL mRNA. In E3, the expression of cathepsin D mRNA was also 4-fold higher than that of cathepsin L mRNA and 500-fold higher than that of cathepsin B mRNA. LPL mRNA in E3 was almost undetectable. These results established that the expression of cathepsin D was always higher than that of cathepsins B and L, and LPL throughout both oogenesis and embryogenesis.
DISCUSSION
Molecular Characterization of Rainbow Trout Cathepsins and LPL
Three putative yolk processing enzymes (cathepsin B, cathepsin L, and LPL) cDNAs were isolated from the ovarian tissues of rainbow trout and characterized by means of molecular cloning and subsequent analysis of their deduced amino acid sequences. This is the first coding sequence for cathepsin B cDNA to be cloned in fish. Cathepsin L has previously been cloned only in the zebrafish in teleosts. The deduced amino acid sequences of both rainbow trout cathepsin B and cathepsin L showed strong similarities with the respective cDNA sequences from birds and mammals [19] [20] [21] [22] [23] [24] [25] , and they possessed a signal peptide region with a high proportion of hydrophobic residues. The hydrophobicity of the signal peptide region is commonly found at the N-terminus of cysteine proteases [19-25, 27, 28] .
The two rainbow trout procathepsin B cDNA clones obtained with alternative 5Ј ends spanned 1.4-1.5 kb, which is smaller than the approximate size of the transcript (1.7-1.8 kb). In other animals, the cloned procathepsin B cDNAs are between 1.0 and 1.2 kb (chicken [19] and mouse [20] ) and 1.9 and 2.0 kb (bovine [21] and human [20] ), and similarly smaller than the sizes of actual transcripts. In some of these animals, alternative procathepsin B transcripts have been reported. For example, two different sized transcripts have been identified in the chicken (1.8 kb and 2.4 kb [19] ) and in bovine (2.6 kb and 3.2 kb [21] ). Northern blot analysis, however, indicated a single procathepsin B mRNA only (1.7-1.8 kb in length) in rainbow oocytes.
The rainbow trout procathepsin L cDNA obtained (1.4 kb) was, similarly, smaller than the approximate size of the transcript (1.7-1.8 kb). The procathepsin L cDNA clones in most animal studied are between 1.2 and 1.4 kb (zebrafish [22] , mouse [23] , porcine [24] , and bovine [GenBank accession number X91755]) with the exception of human, in which the cloned cDNA was 1.6 kb and the actual transcript size is estimated at 1.6-1.8 kb [25] . The presence of an alternative transcript for procathepsin L with heterogeneous 5Ј ends has been reported in the human [23, 25] . In trout oocytes in this study, no alternative transcripts for procathepsin L were detected by Northern blot analysis, even after a 72-h exposure of the membrane to autoradiography.
The mature proteins of cathepsin B and cathepsin L shared several highly conserved regions that appear to be specific to cysteine proteinases. The CGSCWAF region that had the Cys residue active site in its center, and the NSW that began with the Asn residue active site, appear to be consensus sequences across all cysteine proteases. The GCNGG (Met residue in place of Asn residue in trout cathepsin B) sequence is also present in all cathepsin B and L amino acid sequences [28] . None of these conserved sequences were found in the sequence of rainbow trout cathepsin D that belongs to aspartyl proteases. There were also some characteristic differences between the rainbow trout procathepsin B and procathepsin L amino acid sequences. Rainbow trout procathepsin L contained a highly conserved, albeit interspersed, motif (EX 3 RX 2 (I/V)(F/ W)X 2 NX 3 IX 3 N: ERWNIN motif) that is found in the pro- peptide regions of most cysteine proteases, but not in cathepsin Bs [28] .
Expression of Cathepsins and LPL, and Their Possible Functional Significance in Oogenesis
In rainbow trout, proteolytic processing of yolk materials had been suggested to be mediated by an aspartyl protease, cathepsin D [4] as appears to occur in other oviparous animals (e.g., chicken [3] and frog [5] ). Sire et al. [4] showed a high level of cathepsin D activity during mid-vitellogenesis and a colocalization of cathepsin D with vitellogenin in vitellogenic oocytes in rainbow trout. The involvement of cathepsin D in yolk protein processing has been supported by a study in another salmonid species, the white spotted-char (Salvelinus leucomaensis) [29] .
In a previous study in the rainbow trout, expression of cathepsin D mRNA in oocytes was maximal during previtellogenesis (oocyte diameter Ͻ0.3 mm) and at the onset of vitellogenesis (oocyte diameter 0.5-0.6 mm), and did not coincide with the period of high enzyme activities [13] . In the present study, cathepsin D mRNA was found to be abundantly expressed during both vitellogenic development and final maturation and was at its highest level (when normalized against actin expression) during early vitellogenesis (oocytes 1.0-1.2 mm in diameter). Both studies suggest that the maximum cathepsin D mRNA expression precedes the period of maximum enzyme activity in rainbow trout. A similar difference between the timings of maximum mRNA expression and enzyme activity of cathepsin D has also been reported in an oviparous lizard [30] , in which cathepsin D mRNA was most abundant in previtellogenic and early vitellogenic oocytes, but the maximum ovarian enzyme activity occurred during late vitellogenesis and toward ovulation. Together, these data imply that the accumulation of cathepsin D mRNA, the inactive form of procathepsin D, or both may occur during early vitellogenesis in oviparous animals, but this needs to be further clarified. The role of cathepsin B and cathepsin L in yolk protein processing in vertebrates has not been well established. Cathepsin B mRNA was expressed exclusively during oogenesis, and was almost undetectable in embryogenesis, indicating that cathepsin B may have a specific role in vitellogenesis. In contrast, cathepsin L mRNA was expressed during both oogenesis and embryogenesis. An inactive form of an acidic thiol protease (cathepsin L-like) was demonstrated in unfertilized eggs in Xenopus [31] , implying a possible role for cathepsin L in amphibian oogenesis. In addition, high enzymatic activities for both cathepsin B and cathepsin L have been shown in oocytes during oogenesis in the seabream [6] . The highest levels of cathepsin B and L activities reported in seabream (early vitellogenesis and mid-vitellogenesis, respectively) coincide with the highest levels of expressions of cathepsin B and L mRNA seen in the rainbow trout in this study. Together, these data indicate specific roles for both of these enzymes in vitellogenesis.
In fish, some of the major yolk components are lipoproteins [32] . The lipoproteins in yolk include both phospholipid and neutral lipid, primarily triacylglycerol. The triacylglycerol is hydrolyzed by LPL to facilitate the transport of lipoproteins across biological membranes [33] . Carnevali et al. [7] speculated that lipase may be required to remove the lipid from the lipoproteins. The present findings on the expression of LPL mRNA during rainbow trout oogenesis would support that hypothesis. Maximal LPL mRNA expression in the rainbow trout ovary occurred during late vitellogenesis and complies favorably with the period of maximal LPL enzyme activity reported previously [12] .
Expression of Cathepsins and LPL, and Their Possible Functional Significance in Embryogenesis
Messenger RNA for cathepsins D and L were expressed at high levels at around fertilization and also subsequently during embryogenesis. As mentioned previously, little if any cathepsin B mRNA was expressed during embryogenesis. These data for mRNA expression are mirrored by the enzyme activities that were reported in a previous study in rainbow trout [4] . High activities of cathepsin D and cathepsin L during embryogenesis have also been reported in the seabream [7] , perch [8] , and Xenopus [34] . Together, these findings suggest that cathepsin D and cathepsin L play significant roles in the mobilization of stored yolk proteins. In some oviparous animals, cathepsin B has also been shown to play a role in yolk mobilization during embryogenesis; cathepsin B isolated from yolk-sac membrane of birds exhibiting high proteolytic activity during yolk degradation [35] . Similarly in some insects, cathepsin B has been suggested to play a role in degradation of yolk proteins during embryonic development [14] . It is possible that there are species-specific differences in the cysteine proteases used for yolk protein processing in oviparous animals. It is also possible that different enzymes are required at different stages of embryonic development. In support of this, in a species of frog (Xenopus laevis), cathepsin D activity was observed from the beginning of embryogenesis (morula stage-earlier than this stage has not been studied) and found to be high throughout the gastrula and neurula stages, whereas cysteine protease activity appeared around the late blastular stage and increased continuously, and then became stronger than cathepsin D activity after the mouthopening stage [34] .
A variety of maternal mRNAs (20 000-50 000 different RNA types) are stored in oocytes and transferred to fertilized eggs [36] . This maternal mRNA governs early cell division until the embryonic nucleous begins to transcribe its own messages (mid-blastula stage in frog and sea urchin). The high levels of mRNA for cathepsins D and L around fertilization in the rainbow trout seen in this study are of maternal origin, indicating that the maternal yolk processing enzymes can be stored and transferred not only as proenzymes, but also as mRNA. It should be realized, however, that the level of ␤-actin gene expression in fertilized eggs has not been quantified in fish, and our data indicate that the expression level of this control gene in fertilized eggs is lower than in embryos. If this is so, it is likely that the relative levels of expression of yolk processing enzyme transcripts at around the time of fertilization may have been somewhat overestimated. It should also be realized, however, that no ''absolute'' control gene for RNA quantification has yet been established (reviewed in [37] ).
The expression of LPL mRNA in the present study was almost exclusive to oogenesis with little if any detectable expression during embryogenesis. During embryogenesis, lipid reserves are metabolized into fatty acids to be used by the developing embryos. It is possible, therefore, that the developing embryos may require other lipases such as salt-resistant lipase and triacylglycerol lipase to mobilize these lipid reserves. The mechanism of yolk lipid utilization in fish embryos, however, has yet to be elucidated.
In summary, our results have demonstrated that cathepsin D mRNA expression is predominant over that of cathepsin B, cathepsin L, and LPL throughout oogenesis and embryogenesis, indicating that cathepsin D plays a major role in yolk processing and mobilization. Cathepsin L was also expressed during both oogenesis and embryogenesis, indicating a role for it in both deposition and mobilization of yolk proteins. In contrast, expression patterns of the mRNAs for cathepsin B and LPL suggest their roles are restricted to vitellogenesis. The mRNA expression profile of the three cathepsins and LPL are similar to the profiles of their enzyme activities in rainbow trout (this is summarized in Fig. 7) . The different patterns of gene expressions of cathepsins and LPL in the present study and the profile of enzyme activities available from previous studies signify specific temporal roles of these enzymes in yolk protein processing during oogenesis and embryogenesis in rainbow trout.
